Background: This study investigates blood glucose (BG) measurement interpolation techniques to represent intermediate BG dynamics, and the effect resampling of retrospective BG data has on key glycemic control (GC) performance results. GC protocols in the ICU have varying BG measurement intervals ranging from 0.5 to 4 hours. Sparse data pose problems, particularly in comparing GC performance or model fitting, and thus interpolation is required.
Providing glycemic control (GC) in any situation, whether it be in individuals with diabetes or stress heighted intensive care unit (ICU) patients, is commonly done via point-of-care blood glucose (BG) meter measurements. In addition, to lower workload and disturbance the frequency of these measures is often kept to a minimum. [1] [2] [3] Approximately every 4 to 8 hours is recommended in individuals with diabetes 3 and 1 to 4 hours in stress heighted ICU patients. 4, 5 As a result, the data collected are sparse and the intermediate BG dynamics unknown. Therefore, interpolation is required to approximate the intermediate dynamics for GC protocols/models and, retrospectively, to fairly assess GC performance.
In particular, many insulin-glucose models and/or modelbased GC protocols use parameter identification techniques that require an approximation of the continuous BG dynamics. [6] [7] [8] [9] [10] [11] [12] The choice of approximation can significantly skew model fit and "accuracy." Many models and identification methods use linear interpolation between BG measurements as a first approach. 9, 13 However, the accuracy of linear interpolation in comparison to other interpolation techniques has not been assessed.
Similarly, GC protocols in the ICU and many other aspects of diabetes use a range of different BG measurement intervals (eg, 0.5-4 hours in the ICU). These intervals can vary during treatment depending on a patient's condition, are out of their targeted band, and less frequently when patients are "stable" and in the targeted band, [14] [15] [16] [17] [18] [19] directly skewing raw data performance metrics.
Therefore, the BG information recorded by each GC protocol has varying degrees of sparsity, with raw BG measurements commonly being denser in areas of poor control. This variability and skewness of the raw BG measurements make fair assessment and comparison of GC protocol performance difficult, particularly when one key ICU GC performance criteria is percentage of time within, above, and below a targeted BG range. 22 Thus, metrics calculated from raw data cannot provide a fair comparison nor a fair assessment of performance.
A common method to improve assessment fairness is to interpolate between BG measurements and sample the interpolated trace. 14, [17] [18] [19] However, the best interpolation technique and sample rate is still unknown. This study seeks to answer both of these questions.
Methods

Patient Data
Patient data from patients treated with Specialized Relative Insulin-Nutrition Tables (SPRINT) and Stochastic TARgeted (STAR) in Christchurch Hospital ICU, New Zealand (NZ) between 2005-2016 are used. 14, 19, 23 SPRINT is a paper-based ICU GC protocol that used 1-to 2-hour measurement intervals and allows the time of BG measurements to be recorded to an hourly resolution.
14 In contrast, STAR is a tablet-based ICU GC protocol using 1-to 3-hour measurement intervals and allows the time of BG measurements to be recorded to a resolution in minutes. 19, 23 The Upper South Regional Ethics Committee, NZ granted approval for the retrospective audit, analysis and publication of the Christchurch Hospital patient data.
To answer the first question and assess which interpolation technique best captures the intermediate BG dynamics, a representative sample of the densely measured SPRINT cohort data is used. 14 To answer the second question, the effect of sampling rate (minutely vs hourly and raw) on GC performance statistics is assessed using the more sparsely measured STAR cohort data.
Question 1: Interpolation Techniques
Five interpolation techniques are investigated, separated into 2 types of interpolation:
1. Piecewise interpolation: The interpolated trace goes through all of the measurement points.
Fitted interpolation:
The interpolated trace is a combination of basis function (BF), best fit to the measured data points, as a whole, but can miss any individual point.
Piecewise Interpolation. Three piecewise interpolation techniques are investigated: linear, spline, and cubic. Examples are shown in Figure 1 , and they are defined as follows:
Linear interpolation: Data between BG measurements are assumed to be a linear line. Thus, continuous BG data are represented by a piecewise 1st order polynomial.
Spline interpolation: Data between BG measurements are assumed to follow a spline using not-a-knot end conditions, continuous in both 1st and 2nd derivatives. Thus, continuous BG data are represented by cubic interpolation of the spline.
Cubic interpolation: Data between BG measurements are assumed to be a cubic relationship, continuous in only the 1st derivative. Thus, continuous BG data are represented by a piecewise cubic polynomial.
Fitted Interpolation. Two fitted interpolation techniques are investigated, each using 1st and 2nd Order B-spline BF fitting. Note, zeroth Order B-spline BFs were not used as constant stepwise dynamics are not representative of physiologically observed BG dynamics, despite their ease of use mathematically. In addition, 3rd Order and higher B-spline BFs were not used as they add further complexity and heavily restrict BG dynamics. Fitted interpolation is used to incorporate an approximation of the measurement error, and restrict over fitting rapid changes in the interpolated BG trace due to measurement error and outliers. BF widths were varied to investigate the best fit with these criteria. The interpolated BG trace, G(t), is identified as the linear combination of BFs, Φn(t), minimizing the error between the identified and clinically measured BG: 24 When k = 1 (1st Order BF) the equation simplifies to: The BG interpolation trace is made from a linear combination of 2nd Order B-spline BFs, again using the piecewise function defined in De Boor. 24 When k = 2 (2nd Order BF) the equation simplifies to: 
Interpolation Analysis
To assess which interpolation technique best represents the overall BG dynamics, both the fit to the measured and intermediate BG dynamics needs to be considered. To achieve this goal, a proportion of BG measurements are removed from the dense SPRINT BG measurement sets before interpolation. The removed BG measurements are then compared to the postinterpolation BG estimate for independent validation. Clinical patient BG data were thinned to create 2-, 3-, and 4-hour periods between measurements, similar to what would be expected clinically from STAR 19 and many other protocols. [14] [15] [16] [17] [18] Removed BG measurements are referred to as "hidden" measurements, and the remaining measurements as "observed" measurements. For a BG measurement to be removed it must be able to be removed without causing a gap between the neighboring measurements greater than the measurement period being investigated (2, 3, and 4 hours). Patients who were unable to provide any measurements that met this criterion were excluded from the corresponding thinned data set. An example of this removal process is shown in Figure 3 , and Table 1 summarizes the resulting sparse SPRINT BG data.
All interpolation techniques are investigated in regard to goodness of fit of both the observed and hidden data. A range of BF KWs are used for the fitted interpolation techniques, based on equations (3) and (4) . Goodness of fit is assessed by using root mean square error (RMSE) between the interpolated trace and the observed and/or hidden measurements. The RMSE for each patient was calculated and the average RMSE from all patients, in the given thinned data set, presented. There is no observed measurement error for the piecewise interpolation techniques as the piecewise functions start and end at the observed measurements, so the hidden measurements are the sole form of validation.
For fitted interpolation, hidden measurement RMSE is expected to be larger than the observed measurement RMSE as observed measurements are used in the identification process. The error for hidden measurements validates the ability of the interpolation technique to capture the intermediate BG dynamics over time intervals relevant to GC protocols. The RMSE for both the observed and hidden measurements are then compared to the error expected from the point-of-care measurement device used in the SPRINT study, Arkray SuperGlucocard™ II glucometer (Arkray, Minneapolis, MN, USA), which has a measurement error standard deviation (SD) ranging from 0.15 to 0.56 mmol/L depending on the BG value. 25 
Question 2: Sampling Analysis
To assess which sampling rate of the predetermined interpolated BG trace best captures GC performance, key GC performance statistics are compared with various sampling intervals (1 and 60 minute, and original clinical measurement intervals). The commonly used statistics compared are: Figure 4 shows the cohort RMSE for the hidden measurements for the 3 piecewise interpolation techniques (linear, spline, and cubic), noting observed measurement error is zero as piecewise interpolation forces the trace through the observed measurement data points used. Linear interpolation gave the best estimate of the hidden measurements, having a mean RMSE of 0.39 mmol/L across the 3 intervals investigated. As expected, the longer the measurement interval interpolated, the further the interpolated trace deviated from the hidden BG measurements.
Results
Question 1: Piecewise Interpolation
Question 1: Fitted Interpolation
Figures 5 and 6 presents the cohort RMSE, for both hidden and observed measurements of the 1st and 2nd order B-spline BFs, respectively. In both figures, as the KW is increased the observed measurement RMSE is shown to increase, while the hidden measurement RMSE decreases. As expected, the longer the measurement interval interpolated, the further the interpolated trace deviated from the hidden BG measurements and the easier it is for the fitted interpolation technique to capture the slower changing observed BG dynamics. Figure 7 presents a comparison of the fitted interpolation techniques and linear piecewise interpolation. The fitted interpolation can be clearly seen to approximate the BG dynamics as a less erratic, gradually changing mean of the measured BG. Figure 8 shows the influence of increasing the KW used by the B-spline BF, with lower KW providing ill posed, erratic solutions and higher KW providing more of a moving average solution to the BG measures.
Question 2: Sampling Interval
The prior analysis shows linear piecewise interpolation provided the best estimate of the intermediate BG dynamics post measurement. Using linear interpolation, the effect of sampling rate on the STAR cohort ICU GC statistics was investigated. Table 2 shows the results are significantly skewed if resampling is not used. This issue is likely a result of the raw measurements having different measurement intervals in and out of the targeted 4.4-8.0 mmol/L, as per the STAR protocol and many others. [14] [15] [16] [17] [18] [19] In addition, a slight variation in some statistics is observed if the interpolated BG trace is sampled more frequently (minutely compared to hourly). Figure 9 shows an example of how the various resampling techniques influence the interpretation of results. The raw measurements (x) can be seen to be dense at the beginning when the patient is out of the target band and slightly sparser Figure 7 . Example of the two fitted interpolation techniques fitted to 2-hour thinned patient data. The linear piecewise interpolation technique is also provided for comparison.
within the target band. Hourly resampling (o) can be seen to more fairly capture the underlying BG trace. However, as seen at hour 29, hourly resampling can still miss key peaks in BG, dynamics that could be captured only with minutely resampling.
Discussion
Question 1: Interpolation Techniques
Piecewise Interpolation Performance. Figure 4 shows all the piecewise interpolation techniques performed extremely well in capturing intermediate BG dynamics. Linear interpolation performed the best with an average RMSE of 0.39 mmol/L, over all the measurement intervals assessed. As the measurement interval assessed increased, so did the hidden RMSE. This result is likely due to the greater time for the intermediate BG dynamics to deviate from the interpolated trace.
Fitted Interpolation Performance. Figures 5 and 6 show a tradeoff of error to the hidden and observed measurements for the fitted interpolated trace. As the KW is increased, the RMSE of the observed measurements is increased, while the RMSE of the hidden measurements is decreased. This result is due to fitted interpolation techniques becoming less erratic as the BG KW increases, as shown in Figure 8 . The KW BF providing the most similar magnitude hidden and observed RMSE was chosen as the optimal, equally representing both hidden and observed measurements. The 150 minute KW 1st order B-spline BF provided the best compromise of fit to the observed (mean RMSE 1.07 mmol/L) and hidden (mean RMSE 0.80 mmol/L) measurements. Similarly, the 150 minute KW 2nd order B-spline BF also provided the best compromise of fit to the observed (mean RMSE 1.06 mmol/L) and hidden (mean RMSE 0.64 mmol/L) measurements. Note, as the variability BG levels increased the fitted interpolation techniques struggled to capture the erratic dynamics as seen in Figure 7 . The restrictive nature of fitting wide knot-width BFs is shown by the increase in observed measurement error.
Overall, the 2nd order B-spline BF interpolation provided the best fit to both the observed and hidden measurements of the fitted interpolation techniques investigated.
Optimal Interpolation. Although the piecewise interpolation techniques are very prone to erroneous measurements compared to the fitted interpolation techniques, which are designed to incorporate measurement error, they still provided a better estimation of the hidden measurements. The trade-off of fit between observed and hidden measurements resulted in a much larger RMSE overall for the fitted interpolation techniques compared to the piecewise interpolation techniques. In addition, the SPRINT BG values were measured using a Super-Glucocard II, which has a measurement error SD ranging from 0.15 to 0.56 mmol/L depending on the BG value. 25 Only the linear and cubic piecewise interpolation techniques provided a RMSE within this measurement error, providing a further independent validation that the piecewise interpolation techniques provided the best estimation of the intermediate BG dynamics. Table 2 clearly shows significant differences in key GC statistics when using raw measurements compared to a sampled interpolated BG trace, for both cohort and per-patient statistics. The largest impact was seen in the median perpatient percentage of time statistics; 81.5% vs 88% BG within 4.4-8.0 mmol/L, P < .001; 2.78% vs approximately 1.0% BG > 10.0 mmol/L, P = .04. A significant difference can also be seen in the per-patient BG mean and median (mean BG of 6.84 vs 6.65 mmol/L, P = .001, and median BG of 6.7 vs 6.49 mmol/L, P = .001). This discrepancy is most likely due to the varying measurement frequency in and out of band for the STAR GC protocol, inherently causing higher numbers of raw measurements to occur outside of the targeted band than within, as seen in Figure 9 . This behavior is common in GC protocols [14] [15] [16] [17] [18] [19] and would result in poor measurements being overrepresented, skewing statistics.
Question 2: Sampling Analysis
Only a small benefit is observed from sampling the interpolated BG trace minutely compared to hourly. The largest difference occurring in the per-patient median percentage of time BG > 10 mmol/L measurements (0.78% vs 1.22%, P = .56, Table 2 ). This result is most likely due to the hourly sampling of the interpolated BG trace not capturing the peaks in BG seen with minutely sampling, as shown in Figure 9 . This outcome is especially important when considering the number of patients within the hyper-and hypo-glycemic regions (BG > 10.0 mmol/L and BG < 4.4 mmol/L). In regard to the other statistics, a negligible difference in BG mean, and median was seen, Table 2 . However, a slight difference could be seen in the per-patient SD of BG between sampling rates (1.17 vs 1.07, P = .08). Again, this result is likely due to the hourly sampling rate not capturing the full spread of the BG trace. Overall, minutely sampling had limited effect on central tendency statistics, and a greater impact on outlying events or surges, as expected.
Limitations
The SPRINT protocol has measurement intervals of 1-2 hours.
14 Thus, as per protocol, the SPRINT BG data are denser in regions where a patient is variable and/or out of the targeted band. Therefore, the measurements removed (hidden measurements) to make the data sparse are more likely to be removed from the more variable and out of band BG regions (BG < 4.4 mmol/L and BG > 6.1 mmol/L). Hence, the hidden measurement error is a stronger validation test, but will likely have higher associated BG measurement error than if more stable periods were included. The results are thus a conservative estimate.
The number of observed and hidden BG measurement varies as the measurement interval assessed is increased due to the SPRINT data needing to be denser to assess smaller measurement intervals. Therefore, patients which are metabolically unstable, and thus requiring hourly BG measurements frequently, are more prone to measurement thinning compared to stable patients whom have consistently 2-hour measurement intervals. As a result, hidden measurements in this analysis may be more likely to come from unstable regions of patient data, as seen in Figure 7 . However, still a significant amount data is removed from each patient per day (> 4.7/17.1 median hidden measurements per day, per patient, >27%, Table 1 ) providing a fair assessment of the BG interpolation techniques.
Overall, the results of this article could be applied to a variety of BG-related fields, where collected data are sparse, as it is likely that the intermediate BG dynamics will be similar between cohorts. Thus, linear interpolation and minutely or hourly resampling could also prove to be a valuable tool in diabetes modelling and assessment of GC performance. Note, the methodology presented in this article could also be used to assess the current methods used for GC performance assessment and modelling, provided a dense enough data set was available.
Conclusion
This study investigated two main questions in analyzing BG data. First, BG measurement interpolation techniques to represent intermediate BG dynamics and the observed measured BG. Second, the effect of resampling rate on the interpolated BG trace GC performance metrics. Answering these two questions will enable fair, accurate GC performance assessment and comparison, avoiding significant potential bias. Overall, the linear piecewise interpolation performed the best of all interpolation techniques investigated (mean RMSE 0.39 mmol/L), providing the best estimate of the intermediate, hidden BG dynamics. The fitted interpolation techniques failed to capture the hidden BG measurements without providing a poor fit to the observed measurements. Thus, linear piecewise interpolation provides the best estimate of intermediate BG dynamics and should be used.
The effect of resampling interpolated retrospective BG data on key GC performance metrics found a significant difference when comparing raw to resampled interpolated BG measurements. The difference is especially important when the GC protocols being investigated have varying measurement intervals depending on the BG value. Therefore, for fair, unbiased comparison of a GC protocol's performance, minutely resampled linear piecewise interpolation of BG results is the best option.
The techniques presented in this article provide a general solution to approximate the intermediate BG dynamics of commonly seen in sparse ICU BG data and may prove useful in other clinical areas, including diabetes.
